Abstract-Wireless charging of electric vehicles (EVs) is going to play a major role in electrification of transportation. This paper proposes to utilize an LCL tuned primary and series tuned secondary with a secondary buck regulator to achieve power transfer control by secondary side control only. Analytical expressions for base (primary) coil current and transformer turns ratio N required to transfer the required power at a certain input voltage is calculated for a given coil set. The required parameters are calculated for a 6.6 kW wireless charging system with a matched circular coil set. The proposed control scheme and analysis were validated through Saber Sketch simulations and by a 6.6 kW laboratory prototype. Experimental results for different load power settings at voltages of 290 V, 340 V, and 370 V are presented.
I. INTRODUCTION
Wireless Power Transfer (WPT) has found a strong foothold in a multitude of applications ranging from low power biomedical implants ( 1 W) to high power applications such as charging electric vehicle (EV) batteries wirelessly (upwards of 3 kW). Wireless charging of EVs is deemed as an enabling technology essential for mass adoption of EVs. The advantages of wireless charging of EVs over conventional wired charging are convenience to the consumer resulting from not having to plug in using a heavy cord, safety to the user during inclement weather conditions, and system immunity to dirt, water, pollutants, etc. Wireless charging also has the advantage of being extendable to dynamic vehicle charging easily as compared to wired charging [1] , [2] .
Series tuning or parallel tuning can be used in either primary side or secondary side or on both primary and secondary sides and has been extensively investigated [2] - [4] . More complex tuning structures such as and tuning configurations have been explored on the primary side as they exhibit a load independent constant current or voltage source characteristic. and tuning configurations have also been employed on the secondary side to reduce the reactive loading on the high frequency (HF) inverter [5] . It is well known that parallel tuned secondary reflects both the real and reactive loading on to the primary side thereby increasing the reactive loading on the primary side. As a consequence, series tuned secondary is preferred to improve the efficiency of the system and mitigate detuning effects due to reflected load.
Additionally, series resonant converters have good light load efficiency but suffer from poor part load regulation and parallel resonant converters can regulate output voltage at no load but suffers from poor part load efficiency [6] . Higher order resonant networks such as and resonant networks have been used to overcome these drawbacks [6] .
Primary side control by controlling the dc ink input voltage to the HF inverter and/or controlling the effective duty cycle of the inverter has been commonly used [2] - [4] . Secondary side switched-mode regulator has been utilized in conjunction with primary side control to obtain dual side controlled wireless charging systems. A secondary side boost regulator is employed with tuning in [5] . A dual side controlled 5 kW wireless charging system with tuned primary and parallel tuned secondary with a boost regulator is reported in [7] . A series tuning network is utilized in both the primary side and secondary side with dual side control in [8] . Wireless charging system with only secondary side control has not been reported.
In this paper, an tuned primary with a series tuned secondary and a buck switching regulator is employed in a 6.6 kW (tested up to 7.5 kW) wireless charging system. The considered architecture is envisaged to control the full range of power, and be able to meet different battery levels by secondary side control alone, and has not been reported previously. This mode of operation has a vehicle agnostic feature, wherein the vehicle assembly can be utilized to meet the required battery voltage and power level by secondary side control alone. Load power agnostic operation of a wireless EV charging system has the following advantages.
1. Reduced dependency on the communication across the wireless link.
2. The power transferred to the barttery is controlled at the battery terminals (no intermediate power processing stages) hence the time taken to decouple the battery in case of a system fault is much faster.
3. WPT reciever on the vehicle can control the voltage and the current received from the primary side, therby increasing the interoperability of the WPT reciever.
Section II analytically describes the architecture considered, Section III gives the detailed simulation results and experimental results, and Section IV gives the conclusions.
The block diagram of the proposed architecture for secondary side control is shown in Fig. 1 . It consists of:
• Front end power factor correction circuit or alternately a dc source can be utilized for the purpose of verification in a laboratory.
• A phase shifted full-bridge HF inverter and transformer with a turns ratio .
• Transmitting coil connected to the coil to form resonant network.
• Secondary coil with inductance tuned with series capacitor feeding the HF rectifier.
• A buck dc-dc regulator with an input capacitive filter acts as the buffer between the rectifier and the EV battery.
II. SYSTEM DESCRIPTION AND ANALYSIS
The system specifications and the experimental setup used in this paper are similar to those reported earlier in [9] , [10] . The HF inverter is operated at a constant switching frequency and at a duty cycle . The output voltage of the HF inverter is stepped up by a ratio of and is applied across the tuning network. This leads to a constant load-independent current to flow thorough the primary coil . The output power at the secondary coil is given by [2] ( 1) where is the angular frequency of the current through the primary coil , is the mutual inductance between the primary and the secondary coil and is a function of the coupling coefficient and the primary and the secondary coil self-inductances, and is the secondary loaded quality factor. In (1), the angular frequency is also typically constant for EV charging applications.
and are fixed for a given coil geometry and position. As a result, to calculate the output power, the secondary needs to be calculated and then the required base coil current , and the HF turns ratio can be estimated.
It is important to note that the following analysis is applicable to fixed duty cycle operation of the buck regulator for a constant resistive load which is the ratio of the battery voltage to the current flowing through it. The objective of the analysis is to determine important quantities such as the base coil current and transformer turns ratio required to get the rated output power for a given set of couplers and input voltage. Referring to Fig. 2 , is the load resistance based on the battery voltage and current. The equivalent openloop input resistance of the buck dc-dc regulator is .
Consequently, the equivalent load resistance at the output of the rectifier is
Equation (2) does not include the nonlinearities of the diode rectifier.
By using (2), the loaded quality factor of the secondary coil as a function of the load resistance and the duty cycle of the buck dc-dc converter can be deduced as (3) Using (1) -(3) the base coil current for a given load coil pair and coupling frequency can be calculated to be Equation (4) can be used to calculate the primary coil current required to transfer power to an equivalent load resistance via a WPT coupler system with a mutual inductance and is the duty cycle of the buck dc-dc converter. With the base coil current required for a given power known, the load can be modelled as a resistor in series with the base coil inductance as 
and (7) From (6) and (7), the HF inverter output current required to meet the required load at can be calculated.
By using (1) and (3), the expression for output power in terms of and duty cycle of the Buck regulator is .
It can be inferred from (8) that for a given and , the output power is proportional to the square of open-loop duty cycle of the Buck regulator. The input to the dc-dc buck regulator also droops as the duty cycle is increased and this effect is not considered here.
For the load resonant inverter, the current gain is given by [6] :
. (9) In (9) is the loaded primary quality factor, is the normalized frequency and is the ratio of coil inductance to resonant inductance .
III. SIMULATION AND EXPERIMENTAL RESULTS

Consider a
kW wireless EV charger with secondary side buck regulator with the following specifications ranging from V V, input dc voltage to the HF inverter 400 V supplied from a DC source, constant duty cycle of the HF inverter . The inverter will be operated at which is the frequency of wireless power transfer. Most commercial EVs such as Chevy Volt, Nissan Leaf, Ford C-max, and Toyota Prius Plug-in are all equipped with battery packs with nominal voltage in this range. A matched set of circular rectangle (CR) coils were fabricated with the following measured values -primary and secondary coil inductances of , mutual inductance leading to a coupling coefficient . The primary tuning inductor was designed to be equal to H and capacitor was calculated to be . The secondary tuning capacitor was calculated to be . Fig. 3 . Theoretically predicted current gain of the LCL load resonant inverter as a function of frequency for different secondary quality factor Q values. Fig. 3 . depicts the theoretically predicted current gain and resonant frequency for the designed coil pair and tuning network described above. In Fig. 3 , is the secondary loaded quality factor and is a function of the resonant inductance and the load resistance on the primary coil. The resonant inductance was kept constant and the load resistance is varied for varying . It can be seen from Fig. 3 . that the current gain has a load independent gain at which is the designed resonant point.
The operating conditions and the component values associated with the buck dc-dc converter are given in Table I . Picture of the dc/dc converter built in authors' laboratory is given in Fig.  4 . High efficiency operation of the designed buck dc-dc converter was verified prior to integration with the wireless power transfer system. Figure 5 shows that the buck dc-dc converter has an efficiency from light load to . In this test, dc/dc converter input is set to 450V and output feeds a 330V dc load (battery emulator) with output current control mode. In Fig. 6 , dc/dc converter performance is shown fixed input voltage of 450V while the output voltage is varied from 234V to 449V on a fixed load resistor of 30.3 . Converter efficiency is fairly high from 1.8kW to 6.63kW for the given output voltage range.
For output power at , with a coupling frequency of and the coupling coefficient of the , the base coil current required was calculated from (4) to be . With an input dc voltage of , the turns ratio of the transformer required to get 73.35 A was calculated from (6) to be . Output power of and battery voltage of was considered for calculating the transformer turns ratio and the primary coil current as they correspond to the rated power at the maximum output voltage considered. A transformer with this turns ratio was designed and built with the following measured parameters -turns ratio , mH, and H. Table II shows the comparison between predicted, simulated  and experimental values for an operating point of  kW,  V, and,  A. Corresponding to  Table 1 , in simulation and experiment, a constant voltage load is used. The at the rated power of 6.6 kW. Simulation can be employed to estimate the of the buck converter as a starting point for the calculations. Fig. 7 (a) and (b) show that the simulation model is in a good agreement with the experimental tests. Fig. 8 summarizes the experimental result including primary coil current and secondary coil voltage for three load voltage levels. It can be inferred from Fig. 8 (a) that the primary coil current changes slightly from to over the load range from to . Ideally it should remain constant, but the slight deviation can be attributed to detuning effect from the variation of leakage inductance of the transformer under loaded condition. Fig . 9 shows the analytically calculated, simulated, and the experimentally obtained primary coil current coresponding to 400V input voltage at different load power levels. The deviation of the analystically calculated value of the primary coil current from the measured value can be attributed to the following reasons 1. The analysis associated with estimating the loaded secondary quality factor in (3) assumes an ideal rectifier network and does not include the nonlinear effects.
2. The analysis associated with estimating the input impedance of the birdge considers only the fundamental comnponent of the inverter output voltage.
3. The analysis assumes an ideally tuned LCL network whereas in experiment the leakage inductance of the transformer, even though it is absorbed into the tuning inductor, can cause slight detuning during cetrtain operating conditions. 
IV. CONCLUSIONS
The proposed wireless charging system with a tuned primary and series tuned secondary with a Buck regulator is verified experimentally and can achieve secondary side only control of power transfer to the battery. The wireless charging system operated with an efficiency greater than 90 % at the rated power despite of the addition of a buck dc-dc converter. This shows that secondary side only control or load power agnostic operation can be achieved with minimal effect on the wireless power transfer efficiency of. The load agnostic operation is enabled by tuned primary side because of which the primary coil current should ideally act as a loadindependent constant current source and in experiment varied between to over a load range from to . This minor deviation can be attributed to slight detuning of the network from the leakage inductance of the HF transformer. With constant duty cycle operation of the HF inverter on the primary side, full range of power transfer (1.5 kW-7.5 kW) was achieved for by controlling the duty cycle of the buck regulator alone. 
